Diabetes mellitus is a metabolic disorder caused by the inability to produce adequate levels of insulin or effectively respond to the insulin being produced. This results in abnormally high blood glucose levels, which can lead to a number of serious consequences, including nerve and blood vessel damage, heart disease, kidney disease, stroke, and blindness.^[@ref1]^ Type II diabetes, in particular, has become increasingly common in the industrialized world and accounts for 90% of all diabetes cases.^[@ref2],[@ref3]^ Type II diabetes is the manifestation of pancreatic β-cell impairment and a gradual loss of cellular responsiveness to insulin. Since type II diabetes cases are associated with insulin insensitivity, and because high levels of insulin have been linked to obesity,^[@ref4]^ therapeutic interventions that act to lower blood glucose levels independently of this hormone are preferred. This can be accomplished by controlling the influx of glucose into the bloodstream from the liver (e.g., metformin) and the gastrointestinal tract (e.g., acarbose).^[@ref5]^

The digestion of starch is a multistep process that begins in the oral cavity with the hydrolysis of insoluble starch polymers into shorter oligomers by salivary α-amylase.^[@ref6],[@ref7]^ Upon reaching the small intestine, pancreatic α-amylase provides a more extensive hydrolysis, cleaving the starch into a mixture of malto-oligosaccharides, primarily maltose and maltotriose. The resulting mixture then passes into the brush border of the small intestine where it is processed into glucose by the resident α-glucosidases maltase/glucoamylase and sucrase/isomaltase.^[@ref8]^ Most therapeutics currently in use are inhibitors of these α-glucosidases since this approach also prevented the hydrolysis of common dietary sugars such as sucrose into glucose while blocking the hydrolysis of starch-derived oligosaccharides.^[@ref9]−[@ref11]^ The α-glucosidase inhibitors miglitol, voglibose, and acarbose are small molecule iminosugar-based inhibitors that have been used in the clinic, and unfortunately all are associated with deleterious side effects, ranging from diarrhea to hepatotoxicity.^[@ref12],[@ref13]^ While this is in part due to the natural consequences of displacement of di- and trisaccharides to the lower gut, which leads to osmotic-induced diarrhea and anaerobic fermentation, the problems are also due to systemic absorption and off-target activities.^[@ref14]^

Human pancreatic α-amylase, which catalyzes the endohydrolysis of α(1--4)-[d]{.smallcaps}-glucosidic linkages in starch, represents a valuable therapeutic target within the starch degradation pathway, since intervention at this early point will minimize the aforementioned side effects. The enzyme is active within the lumen of the duodenum; thus, orally administered inhibitors that stay within the gastrointestinal tract will be optimally localized for amylase inhibition and will be less likely to cause undesirable side effects. Specific inhibition of this enzyme over the brush border α-glucosidases leads to the accumulation of longer chain carbohydrates in the lower gut, which do not produce the same osmotic effect seen with currently used therapeutics.^[@ref14],[@ref15]^ Since there is some evidence that specific inhibitors of amylases have evolved as antifeedants in nature,^[@ref16],[@ref17]^ we embarked upon a screen of natural product extracts with the expectation that this strategy would provide a good chance of yielding novel and potent amylase inhibitors.

Results {#sec2}
=======

High-Throughput Screening Uncovers a Novel Peptide Inhibitor of Human Pancreatic α-Amylase {#sec2.1}
------------------------------------------------------------------------------------------

A high-throughput, plate-based α-amylase assay utilizing the chromogenic substrate 2-chloro-4-nitrophenyl α-maltotrioside (CNPG3) was used to screen natural product extracts for novel HPA inhibitors. In this study, we explored the UBC Marine Natural Products Extract Library, which contains 10 000 natural product extracts of marine origin. Crude biological extracts can be advantageous over synthetic libraries as each sample contains a number of different primary and secondary metabolites, many of which are uncharacterized, enabling sampling of a large and diverse chemical space.

Samples were run in duplicate, and results of the screen are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. Crude extracts that resulted in ≤80% residual activity at a concentration of 5 μg/mL, indicated by the dotted lines in the plot, were selected for further analysis. The material with the greatest inhibitory activity was the product of exhaustive methanolic extraction of the Caribbean sea anemone *Stichodactyla helianthus*. Activity-guided extraction and purification involving successive runs of reversed-phase and size exclusion chromatography were performed to yield 2 mg of active material from a 154 g *S. helianthus* specimen.

![(a) Screening data from a high throughput screen designed for identification of HPA inhibitors. A total of 10 000 extracts from the UBC Marine Natural Products Library were tested as inhibitors of HPA. The screen was run in duplicate, and the relative activities measured in each well are plotted against the equivalent value for its duplicate as a single point. Crude extracts with ≤80% residual activity during both replicate screens (within the dashed box) were selected for further purification and analysis. (b) CD spectrophotometric analysis of natural (blue) and synthetic (green) and recombinant (red) helianthamide. (c) Kinetic analysis of recombinant helianthamide inhibition of HPA. Dose response curves of *v*/*v*~0~ (observed rate over uninhibited rate) versus \[helianthamide\] were constructed for various enzyme concentrations at \[CNP-G3\] = 5 mM. The curves were fit to the Morrison equation of tight-binding inhibition ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) via a least mean squares method to give values for the apparent inhibition constant, *K*~i,app~, which were averaged and used to calculate *K*~i~ by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, which is the relationship between these two values for competitive inhibitors. (d) Design of construct for recombinant expression.](oc-2015-00399q_0003){#fig1}

^1^H and ^13^C NMR analysis indicated that the active component was proteinaceous in nature. Cleavage of the reduced and iodoacetamide-treated protein with trypsin and GluC proteases followed by *de novo* LC/MS-MS and Edman sequencing yielded the following sequence ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)), bearing six cysteine residues:

BLAST and PSI-BLAST analysis of this sequence revealed no significant homologues within the nonredundant protein sequence database. MALDI-TOF mass spectrometric analysis before (*m*/*z* = 4716.2) and after (*m*/*z* = 5066.6) treatment with dithiothreitol and iodoacetamide indicated the presence of three disulfide bridges. The protein, dubbed helianthamide (hel), was characterised by circular dichroism spectroscopy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)). The remaining material was used for preliminary inhibitory studies, in which reversible inhibition of HPA was observed with a low nanomolar inhibition constant.

Recombinant Expression of Helianthamide Provides a Practical Method for Producing Active Material {#sec2.2}
-------------------------------------------------------------------------------------------------

Having consumed the supply of active material extracted from *S. helianthus*, we pursued recombinant expression as a means of producing active helianthamide. We accomplished this via secretion from *Escherichia coli* using a barnase-based fusion system in which helianthamide was N-terminally fused to a hexahistidine-tagged inactive form of the bacterial ribonuclease (bar′) through a TEV protease cleavage site ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). Barnase was selected as a fusion partner because of its lack of cysteines and propensity to spontaneously fold/refold---features that have proven useful in the expression of small disulfide-rich peptides in the past.^[@ref18]^ Incorporation of a N-terminal phoA signal peptide allowed for secretion of the bar′-hel fusion and utilization of the protein folding and disulfide-bond forming machinery of the bacterial SEC pathway.^[@ref19]^ A consequence of the TEV cleavage site is the addition of a Ser residue to the N-terminus of the helianthamide product after cleavage. As shown below, this is unlikely to impact the protein's inhibitory activity.

After some experimentation, we arrived at a quick, simple, and inexpensive expression and purification protocol that capitalized on the extraordinary stability of helianthamide. The protein was expressed in autoinduction media, the culture supernatant was collected and concentrated, and then purified by immobilized metal ion affinity chromatography (IMAC) in an average yield of 15 mg/L. Helianthamide was liberated from its fusion partner by the action of TEV protease. This reaction mixture was then diluted with an equal volume of methanol to precipitate all constituents except for helianthamide. Clarification of this solution returned helianthamide with \>90% purity. This material was polished by reversed-phase HPLC to provide homogeneous protein. An average of 2 mg/L of helianthamide could be isolated after TEV cleavage and purification. A mass of 4771 Da was determined for recombinant helianthamide, which is the predicted mass of the peptide with oxidized cysteines. CD spectroscopy of the recombinant protein revealed a structure similar to that obtained for the material isolated from *S. helianthus* ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)).

We turned to proteolysis and LC-MS/MS in an effort to establish the disulfide bond connectivity of the recombinant helianthamide. Attempts to perform controlled proteolysis on the peptide, with disulfides intact, were thwarted by the recalcitrance of helianthamide to the actions of trypsin, chymotrypsin, proteinase K, and Lys-C under all conditions trialed.^[@ref20]^ Attempts to make helianthamide more amenable to proteolysis by preincubation with cyanogen bromide or by partial reduction and alkylation of one or two disulfides were unsuccessful.^[@ref21]^ We resorted to performing a random acid hydrolysis of the peptide, an approach that complicates interpretation of resulting data sets.^[@ref22]^ A sample of recombinant helianthamide was incubated in 11 M HCl at 37 °C for 4 days, resulting in only partial digestion (as determined by HPLC). This partially digested material was analyzed by LC-MS/MS, leading to the identification of a series of signature peaks that, through collision-induced dissociation, enabled an assignment of disulfide connectivity ([Figure S3 and Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)). This data set indicated the connectivity of the disulfides to be in a 1--5, 2--4, 3--6 pattern ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)).

Kinetic Analysis of Recombinant Helianthamide Suggests Highly Potent and Specific Inhibition of HPA {#sec2.3}
---------------------------------------------------------------------------------------------------

Since the helianthamide sample extracted from *S. helianthus* was predicted to be a low nanomolar inhibitor of HPA, kinetic analyses of recombinant helianthamide could not be pursued using conventional Michaelis--Menten methods.^[@ref23]^ Rather, inhibition constants were determined using the Morrison method in which inhibition dose response curves at \[CNPG3\] = *K*~M~ were constructed for varying enzyme concentrations.^[@ref24],[@ref25]^ The resulting data ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) were fit to the Morrison equation ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) to determine the apparent inhibition constant, *K*~i-app~. *K*~i-app~ can be converted to *K*~i~ through [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, which is the relationship between these values for competitive inhibition.^[@ref24]^ Using this method, recombinant helianthamide was determined to have a *K*~i~ of 0.01 nM against HPA. The bar'-hel fusion was also shown to be a potent inhibitor of HPA and inhibited the enzyme with a *K*~i~ of 0.5 nM, 50-fold weaker than free helianthamide.

![](oc-2015-00399q_m002)

![](oc-2015-00399q_m003)

The specificity of helianthamide was investigated by testing for inhibition of 10 other glycosidases, including a human intestinal α-glucosidase and two bacterial α-amylases that are common in the gut microbiome ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)). Only porcine pancreatic α-amylase (PPA) was inhibited (*K*~i~ = 0.1 nM), suggesting that helianthamide is highly selective for mammalian amylases.

Pancreatic α-Amylase Allows for Templated Folding of Linear, Reduced Helianthamide To Yield a Crystal Structure of the Helianthamide/Amylase Complex {#sec2.4}
----------------------------------------------------------------------------------------------------------------------------------------------------

Repeated attempts to cocrystallize HPA with recombinant helianthamide for X-ray crystallographic analysis were unsuccessful, most likely due to the occluded nature of the active site of HPA in its dominant crystal form. We therefore turned our attention to porcine pancreatic α-amylase (PPA), which has high sequence and structural homology to HPA,^[@ref26]^ but has a more accessible active site than the human isozyme in the crystalline state. We also explored the use of a reduced (linear) helianthamide, produced by chemical synthesis, with hopes that the crystalline amylase would allow the more flexible ligand into its active site and subsequently template its folding. Crystallization trials with PPA and the synthetic helianthamide yielded crystals of the helianthamide/PPA complex which grew via the hanging drop method in approximately 3 weeks. X-ray diffraction data collected for these samples were processed into a structural model with a 2.6 Å resolution ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)).

This structure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) displays helianthamide bound in a noncovalent complex with PPA. A third of helianthamide's solvent accessible surface area is buried in contact with PPA, primarily within and around the amylase active site. Helianthamide is composed of a four-stranded antiparallel β-sheet with three disulfide bonds connected with the same 1--5, 2--4, 3--6 topology that was determined for recombinant helianthamide. Within the amylase active site, three residues of helianthamide, Tyr7, Tyr9, and His10, interact with PPA's catalytic residues. Both Tyr9 and His10 hydrogen bond to the enzyme's catalytic nucleophile residue, Asp197.^[@ref27]^ Tyr9 also forms hydrogen bonds with His101 and Tyr62, which border the active site of the enzyme. His10 forms a second hydrogen bond to Asp300, a residue that coordinates the substrate 2- and 3-hydroxyls in the −1 subsite and helps position water during catalysis. Sitting further back within the active site, Tyr7 also hydrogen bonds to Asp300. A hydrogen bond between the main chain carbonyl of Ile8 and the enzyme's Tyr151 rounds out the polar interactions in the active site of PPA. There are no direct interactions with the acid/base catalyst Glu233.

![Crystal structure of helianthamide and PPA. (a) Helianthamide (blue and red spheres) is observed within the active site cleft of PPA, based on its fit to the corresponding electron density map of its structure. (b) A view of the complexed structure providing a closer examination of the amylase active site (gray) that reveals three residues of helianthamide (blue), Y7, Y9, and H10, interacting with key residues of PPA. (c) Hydrophobic interactions play a large part in helianthamide binding. A large hydrophobic pocket of helianthamide (blue, surface) is observed around V163 of PPA (gray, stick), adjacent to the enzyme active site. (d) Another view of the amylase active site with an emphasis on hydrophobic interactions. In particular, I8 and V12 interact with the hydrophobic ridges surrounding the amylase active site. The coordinates for the helianthamide/PPA complex structure have been deposited in the Protein Data Bank (4X0N).](oc-2015-00399q_0004){#fig2}

Outside the amylase active site there are relatively few hydrogen bonds or ionic interactions between helianthamide and PPA. Residues Ser2, Ser5, and Ser13 of helianthamide form hydrogen bonds with residues 305, 308, and 310 of the enzyme. Ala28 and Trp44 also form polar contacts with the enzyme. The N-terminus of helianthamide protrudes into solution ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf)), supporting the notion that the additional N-terminal Ser of the recombinant material should not disrupt any interactions with the enzyme---if anything it could contribute to new polar contacts. A hydrophobic interface is observed between helianthamide and PPA near the amylase active site. Hydrophobic patches around the pancreatic α-amylase active site cleft have been noted previously and were shown to position and stabilize the amylose substrate.^[@ref28]^ Helianthamide is able to interact with these patches through its own hydrophobic residues, one of them being Ile8, which orients its side chain in the opposite direction of the adjacent residues, Tyr7 and Tyr9. Ile8, along with Val12, contributes to helianthamide's hydrophobic surface area, which appears to form a pocket around Val163 of PPA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d).

Discussion {#sec3}
==========

Although BLAST searches revealed no known sequence-based homologues of helianthamide, structural searches with DALI revealed helianthamide to be structurally homologous to the β-defensins ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The β-defensins are a family of mammalian and avian antimicrobial peptides characterized by their cationic and amphipathic nature, 1--5, 2--4, 3--6 disulfide topology, and antiparallel β-sheet core.^[@ref29],[@ref30]^ While rare, structural homologues of the β-defensins have been uncovered in the past. To date, all known non-antibiotic homologues are potent toxins that inhibit sodium or potassium ion channels.^[@ref31]^ One such toxin, ShI, was also isolated from *Stichodactyla helianthus*.^[@ref32]^ In the case of the β-defensins and their toxic structural relatives, charge distribution on the peptide surface is required for their fatal activities. Helianthamide does not emulate its relatives in this regard. Rather, its helianthamide's neutral residues that make it unique in yet another regard and contribute to its incredible potency.

![Structural and sequence comparisons of helianthamide with other disulfide rich peptides. (a) Structural comparison of helianthamide to the human β-defensins (hβD-1 as a representative) (PDB: 2NLS), ShI (PDB: 1SH1), and tendamistat (PDB: 1BVN). β-sheets depicted in orange, helices in red, loops in blue, and disulfide bonds in yellow. (b) Sequence alignment of helianthamide with two β-defensins, and comparisons to ShI, and representatives from the α-defensin and knottin families. Disulfide connectivities are color coded where bonding partners share the same color.](oc-2015-00399q_0005){#fig3}

There are several well-studied examples of peptidic amylase inhibitors, which are common in many different plant species as a defense against grazing pressures. Some of these peptides have evolved as specific inhibitors of a particular predator's α-amylase, while others have been developed with a dual function, such as accompanying protease inhibition. The amaranth amylase inhibitor (AAI) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) is a 32-residue knottin peptide, which specifically inhibits mealworm α-amylase by blocking four substrate-binding subsites. Contact with the enzyme's catalytic residues is minimal and mediated by a single arginine residue.^[@ref33]^ Unlike that of the β-defensins, the knottin fold, with its 1--4, 2--5, 3--6 disulfide topology, is a diverse scaffold with many known applications in nature.

While most peptidic amylase inhibitors are from higher plants, the most potent known inhibitor of HPA, tendamistat, is a peptide from *Streptomyces tendae.* Tendamistat is a 74-residue peptide with two disulfide bonds. The inhibitor forms polar contacts with HPA over four discontinuous regions of the peptide sequence; however, interactions with the enzyme's catalytic machinery occur through a single arginine residue positioned on the tip of a disulfide stabilized β-turn.^[@ref33]^ Helianthamide, with a *K*~i~ of 10 pM, is now possibly the most potent human α-amylase inhibitor discovered to date. At the very least it equals the potency of tendamistat (*K*~i~ estimated at 9--200 pM).^[@ref33]−[@ref35]^ Tendamistat was pursued as a therapeutic agent and was shown to cause a significant decrease in blood plasma glucose levels during clinical trials.^[@ref36]^ However, its vulnerability to degradation and pronounced immunogenicity, thought to be due to its β-sandwich fold that resembles T-cell receptors ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), quickly led to its abandonment in the clinic.^[@ref16],[@ref35],[@ref37]^ Helianthamide represents a new platform for the clinical inhibition of HPA. It has equal or greater potency than tendamistat and possesses unrivalled structural stability as a result of its β-defensin fold. This structural feature may obviate the immunogenicity problems encountered for tendamistat. Perhaps most importantly, helianthamide is resistant to proteolytic degradation, prolonged exposure to low pH, and high temperature, suggesting that it would be suitable for oral administration.

Our structural analysis demonstrates that three aromatic residues of helianthamide (Tyr7, Tyr9, and His10) make all of the important polar contacts with the catalytic machinery of PPA. They flank an isoleucine that, along with Val12, creates a nonpolar interface to complement the hydrophobic ridges bordering PPA's active site. This contiguous YIYH motif of helianthamide may hold potential as a pharmacophore in its own right.

Aspects of the YIYH inhibitory motif mirror another natural product recently identified as an HPA inhibitor. Montbretin A (MbA), a complex flavonol glycoside derivative from the *Crocosmia* plant family, was discovered in a screen of terrestrial plant extracts and has a *K*~i~ of 8 nM against HPA.^[@ref17]^ The root of MbA's inhibitory activity was traced to a core structure containing myricetin and caffeic acid linked by a disaccharide.^[@ref38]^ The phenolic moieties were shown to be essential for inhibition and interact directly with the conserved active site carboxylic acids. An overlay of the bound structure of MbA (PDB: 4W93) with the inhibitory motif of helianthamide reveals a strikingly similar orientation of the inhibitory moieties ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Tyr9 of helianthamide aligns with MbA's A-ring; their hydroxyl groups line up to both interact with the catalytic nucleophile, Asp197 of amylase. His10 is positioned similarly to the caffeic ester moiety, though in an almost perpendicular orientation, with Asp300 of the enzyme orienting its side chain inward to interact with the imidazole ring. This confluence of inhibitory motifs from remote natural sources points to a very promising pharmacophore for specific inhibition of amylases. Conversely, an overlay of the helianthamide inhibitory motif with the structure of the general α-glucosidase inhibitor acarbose results in very little overlap of functional groups ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Indeed, unlike acarbose, MbA and helianthamide do not mimic the oligosaccharide substrate in structure or binding, which likely plays a role in their specificity against α-amylase.

![Comparison of helianthamide with montbretin A and acarbose as HPA inhibitors. (a) Structure of montbretin A; (b) overlay of helianthamide's inhibitory motif (blue) with montbretin A (yellow) (PDB: 4W93); (c) Overlay of helianthamide's inhibitory motif (blue) with an extended derivative of acarbose resulting from enzyme-mediated rearrangement^[@ref41]^ (pink) (PDB: 1XH0).](oc-2015-00399q_0006){#fig4}

Conclusion {#sec4}
==========

Helianthamide represents a unique and novel class of mammalian α-amylase inhibitors with many valuable features that make it a lead structure for preclinical development. This peptide exhibits the highest level of amylase inhibition yet observed in nature, appears to be specific for mammalian pancreatic α-amylase over other glycosidases, is easy to manufacture in high yields from *E. coli*, and possesses a novel YIYH inhibitory motif that may serve as inspiration for further drug development. While peptide therapeutics are not typically considered as a means of controlling postprandial blood glucose levels, due to their vulnerability to hydrolysis in the digestive system, the impressive stability of helianthamide, arising from its tightly knotted disulfide-rich core, renders it a promising candidate for oral delivery.^[@ref39]^ Additionally, the inherently low bioavailability of proteins could serve to prevent systemic absorption and minimize side effects, such as those observed for small molecule glycosidase inhibitors.

Materials and Methods {#sec5}
=====================

High-Throughput Screening {#sec5.1}
-------------------------

Screening was performed on a Beckman Coulter Biomek FX Laboratory Automation Workstation (Fullerton, CA, USA) integrated with a Beckman Coulter DTX880 plate reader with UV/Vis capability. The screening assay was run in 384-well plates containing a 60 μL volume of 50 mM sodium phosphate, 100 mM sodium chloride buffer (pH 7.0), HPA (1 μg mL^--1^), and the commercially available HPA substrate 2-chloro-4-nitrophenyl α-maltotrioside (1 mM; *K*~M~ = 3.6 mM). Triton X-100 (0.01%) was included to minimize detection of nonspecific inhibitors. The natural product extract samples were present as DMSO solutions that contained 5 mg mL^--1^ of dried methanolic extract, which were tested at a dilution of 60 nL in a final assay volume of 60 μL. HPA was found to be unaffected by the addition of this small amount of DMSO (0.1%) and Triton X-100 (0.01%). The integrity of the assay was tested through the use of two test plates run as the first and last plate of each batch and which contained a serial dilution of the known HPA inhibitor acarbose. Validation of hits from the primary screen was performed manually on a UV/Vis spectrophotometer. Among the hits examined in this secondary screen, the natural extract from the sea anemone *Stoichactis helianthus* proved to have the highest activity against HPA. A more detailed account of the screening methodology used can be found in Tarling et al. 2008.^[@ref17]^

Cloning and Recombinant Expression of the Helianthamide {#sec5.2}
-------------------------------------------------------

A synthetic gene of the desired construct was ordered as a pUC-57 plasmid from BioBasic Canada. The gene was subcloned into a pET-29b+ vector and single clones were sequenced to verify correct ORF. The desired plasmid was transformed into electrocompetent BL21\* *E. coli*, which were screened on Luria--Bertani agarose plates containing 50 μg/mL kanamycin. Starter cultures were made by incubating colonies containing the desired plasmid in 5 mL of LB medium containing 50 μg/mL kanamycin overnight at 37 °C. Starter cultures were added to 500 mL of LBE-5052 autoinduction media.^[@ref40]^ The expression cultures were incubated at 25 °C (230 rpm) for 24 h. The resulting culture supernatant was treated with 60% ammonium sulfate. The ammonium sulfate solution was stirred at 4 °C for 1 h before centrifugation to isolate the precipitated proteins. The proteins were resuspended in His-trap binding buffer (20 mM sodium phosphate, 500 mM sodium chloride, 5 mM imidazole, pH 8) and applied to a Ni-NTA agarose column. The protein of interest was eluted over a gradient of increasing imidazole. The crude fusion was then cleaved using 100 units of TurboTEV protease (Accelagen) per milligram of fusion at 30 °C for 16 h. Helianthamide was purified from the reaction mixture by addition of an equal volume of methanol, leading to precipitation of TEV protease, bar′, and remaining uncleaved bar′-hel. For production of the fusion mutants, site-directed mutagenesis was performed via the four-primer method.^[@ref42]^ The mutated genes were ligated into pET-29b+ plasmids and transformed into BL21\* *E. coli*. Expression conditions and purification were the same as for the wild-type fusion.

Kinetic Analysis of Recombinant Material {#sec5.3}
----------------------------------------

All commercial enzymes were purchased from Sigma-Aldrich. Assays were performed on a Varian Cary 300 UV/vis spectrophotometer. The release of 2-chloro-4-nitrophenol resulting from the amylase catalyzed hydrolysis of 2-chloro-4-nitrophenyl α-maltotrioside was monitored at 400 nm. Reactions were run at 30 °C in 50 mM sodium phosphate, 100 mM sodium chloride (pH 7.0). Reactions were monitored over 5 min to measure the initial reaction rate. For *K*~i~ values less than 50 nM, inhibition constants were calculated using the Morrison equation for tight-binding inhibition. Reactions were run with a final \[CNPG3\] = 5 mM. Typically six different inhibitor concentrations were used for each enzyme concentration. Up to five different enzyme concentrations were used, ranging from 1 nM to 10 nM. *v*/*v*~0~ was plotted against \[I\] for each enzyme concentration to form a series of dose response curves. These data sets were then fitted to the Morrison equation using a least mean squares method to determine a value of *K*~i-app~ for each enzyme concentration. *K*~i-app~ was then used to calculate *K*~i~. *K*~i~ values greater than 50 nM were determined by Michaelis--Menten inhibition kinetics. Details of this process can be found in the work done by Tarling et al.^[@ref17]^ After kinetic analysis with HPA, nine additional enzymes were tested against helianthamide. Concentrations of up to 1 μM of helianthamide were used to assess for inhibition.

Crystallization of Synthetic Helianthamide/PPA Complex {#sec5.4}
------------------------------------------------------

Synthetic peptide was purchased from AnaSpec Inc. Porcine pancreatic α-amylase (PPA) was purchased from Sigma (A4268). The crystallization conditions used were based on the Hampton Research Crystal Screen kit. Diffraction quality crystals of PPA-helianthamide were grown by combining PPA and synthetic linear helianthamide in a 1:2.5 enzyme/inhibitor molar ratio. Two microliters of the enzyme inhibitor solution was mixed with 2 μL of 100 mM Tris, pH 8.5, 8% PEG-8000 (mother liquor) on siliconized microscope slides. The slides were inverted and sealed over wells containing 500 μL of mother liquor. The crystals grew at room temperature over a period of approximately 3 weeks. The crystals were soaked in mother liquor with 30% glycerol before flash freezing in liquid nitrogen and sent to Stanford Synchrotron Radiation Lightsource for remote data collection.

X-ray Crystallographic Data Collection, Processing, and Refinement {#sec5.5}
------------------------------------------------------------------

Data were collected using a MarMosaic 325 CCD detector on beamline 9-2 at the SSRL using a wavelength of 0.9794 Å and a 1° oscillation. The resulting data were processed using Mosflm and were scaled, merged, and truncated using Scala. Molecular replacement was performed using CNS. The coordinates of PPA \[PDB ID: 1PIF\] were used for the model from which the initial phases were derived. The coordinates for helianthamide were built in manually into the empty density of the amylase active site using Coot based on the sequence of the peptide.

. The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.5b00399](http://pubs.acs.org/doi/abs/10.1021/acscentsci.5b00399).Materials and methods, MS/MS data, gene and protein sequences, inhibition specificity studies, X-ray crystallography structure determination statistics, Figures S1--S7, and Tables S1--S4 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00399/suppl_file/oc5b00399_si_001.pdf))
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